Functional magnetic resonance imaging (fMRI) was employed to examine the effects of a study task manipulation on pre-stimulus activity in the hippocampus predictive of later successful recollection. Eighteen young participants were scanned while making either animacy or syllable judgments on visually presented study words. Cues presented before each word denoted which judgment should be made. Following the study phase, a surprise recognition memory test was administered in which each test item had to be endorsed as 'Remembered', 'Known' or 'New'. As expected, 'deep' animacy judgments led to better memory for study items than did 'shallow' syllable judgments. In both study tasks, pre-stimulus subsequent recollection effects were evident in the interval between the cue and the study item in bilateral anterior hippocampus. However, the direction of the effects differed according to the study task: whereas pre-stimulus hippocampal activity on animacy trials was greater for later recollected items than items judged old on the basis of familiarity (replicating prior findings), these effects reversed for syllable trials. We propose that the direction of pre-stimulus hippocampal subsequent memory effects depends on whether an optimal pre-stimulus task set facilitates study processing that is conducive or unconducive to the formation of contextually rich episodic memories.
studies is that 'pre-stimulus subsequent memory effects' are evident within the medial temporal lobe (MTL), especially the hippocampus (Adcock et al., 2006 , Park and Rugg, 2010 , Addante et al., 2015 ; see also Mackiewicz et al, 2006) . With one exception (Yoo et al., 2012) , to which we return in the discussion, MTL pre-stimulus subsequent memory effects have taken the form of greater activity for items that went on to be remembered (or recollected, see below) than for items that were forgotten (or judged as familiar only) on the subsequent memory test.
In several of the studies in which pre-stimulus subsequent memory effects were reported, encoding was intentional (Adcock et al., 2006; Mackiewicz et al, 2006; Wittman et al., 2007; Addante et al., 2015) , raising the possibility that the effects depend upon the engagement of a deliberate encoding strategy. By contrast, Park and Rugg (2010) employed an incidental study task (pleasantness judgment) and, in addition, tested memory with the 'Remember/Know' procedure, permitting study items to be segregated according to whether they were later recollected or judged old solely on the basis of familiarity (Tulving, 1985; Gardiner and Richardson-Klavehn, 2000; Yonelinas, 2002) . The critical experimental manipulation in Park and Rugg's (2010) study was item modality; items (words) were presented in an unpredictable sequence either visually or auditorily, with the modality of each item signaled by a pre-stimulus cue. Recollection on the later memory test was markedly superior for the study items presented visually. Regardless of modality, however, it was reported that cue-related (pre-stimulus) activity in left anterior and right posterior hippocampus was greater for later recollected study items than it was for items that were endorsed as familiar only. In addition, pre-stimulus activity preceding auditory items was enhanced for items subsequently endorsed as recollected rather than familiar in right middle hippocampus.
On the basis of these findings, Park and Rugg (2010) concluded that pre-stimulus hippocampal subsequent memory effects can occur even when there is no intention or motivation to learn (cf. Adcock et al., 2006) . They further suggested that the effects are associated with encoding processes that selectively support recollection-rather than familiarity-based recognition judgments, consistent with the wealth of other evidence indicating that recollection is more dependent upon the hippocampus than is familiarity (see Eichenbaum et al., 2007; Montaldi and Mayes, 2010 , for reviews). Park and Rugg (2010) proposed that pre-stimulus hippocampal subsequent memory effects reflect the benefit to encoding that comes from the adoption of an optimal preparatory or 'task' set in anticipation of a study event, citing as support for this proposal their finding that study reaction times (RTs) were some 100 ms faster for items that were later recollected compared to items later judged familiar or missed. It should be noted that the authors left open the extent to which any such 'set' might be specific to each of the two study modalities, or might reflect a more general preparatory state. Park and Rugg (2010) further conjectured that the additional effects identified for auditory compared to visual study trials reflected the fact that optimal pre-stimulus preparation was particularly important in the auditory study condition, which was markedly the more difficult (as indexed by speed of the study judgments) of the two conditions.
The present experiment builds on that of Park and Rugg (2010) to further elucidate the functional significance of pre-stimulus hippocampal subsequent memory effects. Here, instead of varying the modality of the study items, we held modality constant and varied the study task, employing a pre-stimulus cue to inform participants of the task to be performed on each upcoming study item. As in Park and Rugg (2010) one of the tasks encouraged semantically oriented processing of the study item (animacy judgment). The alternate task, syllable judgment, required a non-semantic judgment. Importantly, in addition to giving rise to lower subsequent memory performance, syllable judgment is considerably more difficult than is judgment of animacy, as indexed by RT measures (e.g., Otten et al., 2002; Park et al., 2008) . Hence, according to Rugg and Park's (2010) proposal (see above), syllable judgment should have more to gain from the adoption of an optimal task set. For this reason, we predicted that while pre-stimulus hippocampal subsequent memory effects would be evident for both tasks (replicating our prior findings), they would be larger, or evident in more regions of the hippocampus, in the syllable task. We also expected that this task would be associated with lower levels of subsequent recollection than in the animacy task, consistent with prior findings (e.g., Otten et al., 2002; Park et al., 2008) .
Eighteen young adults (nine male), aged between 18 and 21 years, participated in the experiment. Data collected from two additional participants were excluded -in one case because of insufficient trials in one of the critical conditions and in the other because of an abnormal structural scan. All participants were healthy, right-handed fluent English speakers with no self-reported history of neurological or psychiatric disease. The study was approved by the Institutional Review Board of the University of California, Irvine. Informed consent was obtained from each participant before proceeding with the experiment. Participants were remunerated.
Critical items comprised 378 words. The words denoted common objects (50% animate and 50% inanimate) and ranged in length from 2 to 12 letters. From the pool of stimulus words, 126 depicting animate objects and 126 depicting inanimate objects were randomly chosen for each participant to make up the study lists. The 252 words were divided into 4 lists of 63 words each, with an additional buffer word at the start of each list. Items within the study lists were pseudo-randomly ordered for each participant such that the same word type (animate or inanimate) or task type (animacy or syllable task -see below) did not occur more than three times in succession. The test list comprised the 252 critical words presented at study and the remaining 126 words from the initial word pool which served as new items. An additional buffer word was presented at the start of the test list. Experimental items within the test list were pseudo-randomly ordered for each participant such that the same class of test item (old items subjected to the syllable task at study, old items subjected to the animacy task at study and new items) did not occur more than three times in succession. Practice study and test lists were formed from items additional to those used to create the experimental lists.
Participants were given instructions and a practice session on the study tasks prior to scanning. They were not informed that their memory for the study items would later be tested. Prior to functional scanning, a structural scan was acquired. During functional scanning, the 4 study lists were presented as 4 consecutive blocks that were separated by brief rest periods (approx. 1 min.). Cues presented prior to each word denoted whether the word should be subjected to an animacy (living or non-living) or a syllable (odd or even number) judgment -an 'X' cue denoted the upcoming syllable task and an 'O' cue the animacy task. To allow cue-and item-related activity to be deconvolved, the cue-stimulus interval varied randomly between 1s, 3s and 5s, and the interval between each item and the following cue varied between 2s, 3.5s and 5s. The mean across-participant correlations between the regressors modeling cue-and stimulus-related activity in each block (see below) were 0.47 for each condition (range = 0.14 -0.59 for the syllable condition and 0.16 -0.60 for the animacy condition). For both tasks, the mapping of left and right index fingers to response was counterbalanced across participants. Instructions emphasized the need for both speed and accuracy. Experimental items were viewed via a mirror located above the head coil. The order and timing of events for each trial during functional scanning were as follows: A red task cue (600 ms), a white fixation cross (1, 3 or 5 s), a white word (600 ms), and another white fixation cross (2, 3.5 or 5s). Words subtended a maximum vertical visual angle of 0.57° and a maximum horizontal visual angle of 3.78° at a 1-m (virtual) viewing distance. Words and cues were presented at fixation against a black background, words in a white lowercase Helvetica 30 point font and cues in red uppercase font. Figure 1 gives a schematic overview of the study procedure.
Approximately 25 min after the scanning session, each participant undertook the memory test. Participants were first given instructions and a practice session on the test. Words were presented on a computer screen in the same format as at study. Each trial consisted of a red fixation cross for 500 ms, followed by the test word which stayed on the screen until a response was made. Participants were required to indicate whether the word had previously been presented using one of three response options: 'remember' (R), 'know' (K) or 'new' (N). An R judgment was required when recognition of a word was accompanied by retrieval of a specific detail or details from the study phase. A K judgment was required when a word was recognized as having been presented earlier but without recollection of any details from the study episode. An N response was to be given when the word was judged to have been unstudied, or if the participant was uncertain about a word's study status. Participants responded R and K with the index and middle fingers of one hand, and N with the index finger of the opposite hand. Hand and finger assignments were counterbalanced across participants. Although the test was self-paced, participants were instructed to respond as quickly as possible without sacrificing accuracy. Words were replaced by a white fixation cross for 1 s once a response was made. Experimental control, including stimulus presentation, was implemented in the 'Cogent' software package (http:// www.vislab.ucl.ac.uk/cogent.php).
Functional and anatomical images were acquired using a Philips Achieva 3T MR scanner equipped with an 8 channel parallel imaging head coil. Functional scans were acquired with a T 2 * -weighted echo-planar image (EPI) sequence using a sensitivity encoding (SENSE) reduction factor of 1.5 (TR 2 s, TE 30 ms, flip angle 70°, FOV 240×240, matrix size 80×78). Each EPI volume consisted of 30 slices (3mm thickness, 1 mm interslice gaps) acquired in ascending order, oriented parallel to the AC-PC line and positioned for full coverage of the cerebrum and most of the cerebellum. Functional data were acquired during each study Cocosco et al., 1997) . Normalized volumes were resampled into 3 mm isotropic voxels and smoothed with an isotropic 8 mm full-width halfmaximum Gaussian kernel. The time series in each voxel were high-pass filtered to 1/128 Hz to remove low-frequency noise and scaled within-session to a grand mean of 100 across voxels and scans.
A single General Linear Model (GLM) was used to estimate both cue-and item-related activity segregated according to study task and subsequent memory judgments. Neural activity was modeled for each participant by delta functions (impulse event) at cue and stimulus onset (modeling cue-and stimulus-related activity respectively). These functions were convolved with a hemodynamic response function (HRF) along with its temporal and dispersion derivatives (Friston et al., 1998) . This procedure yielded regressors in the GLM that modeled the BOLD response to the three item types of interest from each study task. These comprised studied words later correctly endorsed as 'old' and identified with an R or K response, and studied words later incorrectly identified as N (i.e., misses) on the subsequent memory test. In addition six regressors modeled movement-related variance, and session-specific constant terms were used to model differences in mean image intensity between sessions. The cue-related parameter estimates (related to subsequent R, K and N responses) were taken forward to a second stage of analysis in which participants were treated as a random effect.
The contrast of primary interest involved cue-related (pre-stimulus) activity elicited by study items later endorsed as R versus the activity elicited by items endorsed as K. Since we were also interested in the activity elicited by study items erroneously endorsed as N on the later memory test (misses), our primary second stage analysis was based on an ANOVA model. The ANOVA, implemented within SPM8, employed the factors of task (syllable, animacy) and response type (R,K,N). We restricted the outcome of the ANOVA contrasts to the hippocampus and surrounding MTL regions with a mask based on standard anatomical landmarks (Insausti et al., 1998) . The mask was created by manually tracing (with MRIcro software; www.mricro.com) the MTL on coronal slices of the across-participants mean normalized anatomical image and smoothing the result with an 8mm FWHM Gaussian kernel. Contrasts were thresholded at p < .005 with a cluster extent of 17 contiguous voxels. The cluster extent threshold was determined by a Monte Carlo simulation implemented in the AlphaSim routine of the AFNI analysis package (NIMH, Bethesda, MD, USA; http:// afni.nimh.nih.gov/afni) to give a corrected cluster-wise significance level of p < .05.
Task-invariant pre-stimulus subsequent memory effects were sought for with the main effect of the ANOVA after it had been exclusively masked by the F contrast of the interaction between task and subsequent memory (at a threshold of p < .05). To identify task-sensitive effects, we first identified MTL clusters showing a significant interaction between task and subsequent memory response (i.e. R, K and N). The clusters were then interrogated by extracting the mean parameter estimates for the BOLD responses elicited by cues to items that went on to be endorsed as R, K or N for the syllable and animacy tasks across all voxels within a 3 mm radius of the peak identified by the interaction effect. In addition, time courses of the BOLD responses in regions identified by the foregoing analyses were estimated from a separate finite impulse response (FIR) model. Time-courses were estimated across 7 time points (sampling interval of 2 s) starting 8 s prior to stimulus onset and continuing until 6 s post-stimulus onset. Time-courses, aligned at the onset of the study item, were estimated for the two item types of primary interest (studied words subsequently endorsed as R or K), collapsed across the three cue-stimulus intervals (1, 3 and 5s).
Mean study task accuracy was 0.91 (SD = 0.04) and 0.95 (SD = 0.03) for the syllable and animacy tasks, respectively; although high in both cases, these values differed significantly [t(17) = 3.05, p < 0.01]. Study RTs (see Table 1 ) were derived for items subsequently endorsed with R, K and N judgments in the recognition test and segregated according to study task (animacy or syllable). The data were analyzed with a two (study task) by three (subsequent memory: R, K, N) ANOVA. The analysis revealed a main effect of study task [F(1,17) = 25.72, p < 0.001], indicating faster responses for study items subjected to animacy judgments. There was also a main effect of subsequent memory [F(2,34) = 4.69, p < 0.025], but no significant interaction between study task and subsequent memory [F < 1.9]. Follow-up tests showed that, collapsed across study task, responses to study items later given an R judgment were slower than those to both subsequent K [t(17) = 2.48, p < 0.025] and N [t(17) = 2.64, p < 0.025] items. There was no significant difference in study RTs between items that were later given K and N responses [t < 1].
Proportions of test responses in the different response categories are summarized in Table 2 . Test performance was analyzed after transforming raw R and K rates according to the assumption that recollection and familiarity are independent (Yonelinas and Jacoby, 1995) . Contrasts of the resulting recollection and familiarity estimates demonstrated a memory advantage for study items from the animacy task in both cases (recollection: 0.32 vs. 0.20, t(17) = 6.27; familiarity: 0.42 vs. 0.33, t(17) = 4.05, both ps < 0.001).
Turning to the fMRI data, we were unable to identify any MTL pre-stimulus subsequent memory effects that were common to the two study tasks. We did, however, identify significant interactions between task and subsequent memory in bilateral anterior hippocampus / amygdala (left peak: 18, −7, −14; Z = 3.27, 39 voxels, right peak: 27, −4, −20; Z = 3.61, 52 voxels) (see Figure 2A ).
Mean parameter estimates are shown in Figure 2B for each cluster according to study task and subsequent memory judgment. The data were subjected to a three-way ANOVA, with factors of hemisphere, study task, and subsequent memory. Of necessity, given how the regions-of-interest were selected, the ANOVA revealed a two-way interaction between de Chastelaine and Rugg Page 6
Hippocampus. Author manuscript; available in PMC 2016 November 01. study task and subsequent memory (F(1,17) = 11.92, p < 0.001), while the three way interaction was not significant (F = 1.12). Follow-up tests on the data collapsed across the left and right clusters indicated that pre-stimulus activity associated with the syllable task was greater on trials associated with subsequent K than with subsequent R judgments [t(17) = 2.44, p < 0.05], whereas the reverse effect was evident for items studied in the animacy task [t(17) = 5.10, p < 0.001]. Analogously, while pre-stimulus activity was greater for trials associated with subsequent K than with subsequent N responses [t(17) = 2.82, p < 0.025] in the syllable task, activity was greater for N than for K trials [t(17) = 3.06, p < 0.01] in the animacy task. There were no reliable differences between R and N items in either task (ts < 0.1). The estimated time courses derived from the MTL clusters confirmed that the differences between R and K items in each task did indeed emerge pre-stimulus (see Figure  2C ).
The foregoing findings suggest that the direction of pre-stimulus subsequent memory effects for R and K items reversed as a function of encoding task. These findings were derived, however, from an analysis model that also included a third category of study items (N items). Whereas this model is appropriate given that we wished to examine parameter items for all three item types (a model restricted only to R and K items would not allow unbiased assessment of parameter estimates for N items; Kriegeskorte et al., 2009 ), it does not allow the conclusion that the cross-over interaction for R and K items according to study task meets our pre-experimental criterion for a statistically reliable effect (i.e., p <.005 across at least 17 contiguous voxels). Accordingly, we re-ran the voxel-wise ANOVA after dropping the N items. The ANOVA identified two clusters in which the interaction effect was statistically significant, with peaks close to those identified by the previous analysis but extending slightly more posteriorly into the hippocampus (left peak: −21, −10, −14; Z = 3.12, 51 voxels, right peak: 21, −4, −20; Z = 3.88, 109 voxels). As is evident from Figure  2D , the interaction took the form of a cross-over that was qualitatively identical to the one identified in the original analyses ( Figure 2B ).
The behavioral findings from the study phase -reduced accuracy and slower RTs for items subjected to syllable than to animacy judgments -are consistent with previous findings that the syllable task is the more difficult (e.g., Otten et al., 2002; Park et al., 2008) . In contrast to the findings of Park and Rugg (2010) , in the present study RTs to items later endorsed as R were longer than those to items that went on to receive K or N judgments, regardless of study task. It is unclear why the present findings differ from those reported in the prior experiment (although we note that, across subsequent memory studies in general, the patterning of RTs to study items receiving different judgments on the later memory test is highly inconsistent; compare, for example, Gottlieb and Rugg, 2011) . Importantly, in combination with the results reported by Park and Rugg (2010) , the present findings indicate that pre-stimulus hippocampal subsequent memory effects are independent of the direction of any RT differences between study items that go on to attract different judgments on the subsequent memory test.
Based on the proposal of Park and Rugg (2010) that pre-stimulus hippocampal subsequent memory effects are sensitive to the difficulty of the encoding task (and, therefore, the value of optimal pre-stimulus preparation), we expected that the present effects would be greater or more numerous in the syllable task than in the animacy task. Our findings were in striking contrast to this prediction. Whereas pre-stimulus effects in the hippocampus/amygdala in the animacy task closely replicated those described by Park and Rugg (2010) , effects identified in the syllable task, while evident in the same loci, were reversed in direction ( Figure 2B ).
The finding that a relative diminution in pre-stimulus activity can be predictive of enhanced memory performance is not unprecedented. Yoo et al. (2012) reported that visual scenes that went on to be correctly recognized on a later memory test were preceded by lower activity in parahippocampal cortex than were later forgotten scenes. Yoo et al. (2012) suggested that their findings might have reflected a trade-off between the allocation of neural resources to pre-and post-stimulus processing. By this argument, when fewer resources are allocated to task-irrelevant pre-stimulus processes, more resources are available to support encoding of the study item. Whereas a similar account might apply to the present finding of 'reversed' hippocampal pre-stimulus subsequent memory effects in the syllable task, the account obviously fails to accommodate the findings for the animacy task [or, indeed, for the 'positive' pre-stimulus effects reported in prior studies (e.g., Adcock et al., 2006; Park and Rugg, 2010; Addante et al., 2015) ].
An alternative explanation for the present results stems from the well-attested findingreplicated here -that 'shallow' study tasks, such as the present syllable judgment task, are invariably associated with poorer subsequent memory performance than are 'deep' tasks such as animacy judgment (Craik and Lockhart, 1972) . From this perspective, one might conjecture that the more effective the preparation for a shallow study task, and hence the more complete the pre-stimulus task set, the less accessible will the study item be on a later test of episodic memory. Thus, while an fMRI signature of effective preparatory processing, such as relative enhancement of hippocampal activity, will be predictive of successful memory when the study task is conducive to effective encoding, the opposite relationship will prevail when the task engages processes that promote ineffective encoding. Thus, it is on those 'shallow' study trials where preparatory processing is relatively ineffective, and hence where there is an increased likelihood of incidental semantic processing, that successful encoding is more likely to occur.
A complication for this account comes from the findings for study items that went on to be missed (N items). As is evident from Figure 2B , pre-stimulus activity associated with these items followed the same pattern as did the activity for R items, and did not differ significantly in magnitude from these items ( Figure 2D shows that a similar pattern was evident in the parameter estimates for N items taken from the peaks of the interaction analysis restricted to R and K items). These findings are puzzling, in that they suggest that the same pre-stimulus state that is conducive to successful encoding of contextual information can also promote the failure to encode information supporting either recollection-or familiarity-based recognition. The present findings are not wholly without precedent, however. In three prior studies in which post-stimulus encoding-related activity was examined, a U-shaped profile similar to that observed for pre-stimulus activity in the present animacy task was observed (Davachi et al., 2003; Shrager et al., 2008; Staresina and Davachi, 2008) . For instance, Shrager et al.(2008) reported that both study items later endorsed as 'old' with high confidence, and items later erroneously endorsed as new with high confidence, elicited greater hippocampal activity than did items that were later endorsed either as old or new with low confidence. Similarly, Davachi and Wagner (2003) and Staresina and Davachi (2008) each described U-shaped activity patterns across study items that later attracted, respectively, a correct source memory judgment, a correct recognition but incorrect source judgment, and an incorrect endorsement as new. Shrager et al. (2008) proposed that, like the activity elicited by confident hits, the hippocampal activity elicited by high confidence misses in their study was a reflection of successful episodic encoding, but of information extraneous to the study item (cf. Uncapher and Wagner, 2009 ). We tentatively suggest that the present findings can be accommodated by an analogous account. By this account, the parallel pre-stimulus activity elicited by R and N items in the two tasks in both cases signifies a brain state that promotes encoding of episodic information, with the two item types differentiated by whether the encoded memory representation includes information about the study item that is accessible on the later memory test. We freely admit however that this account (like the proposal that inspired it) is highly speculative, and that other possibilities also deserve consideration.
To conclude, the present findings for the animacy task replicate those originally reported by Park and Rugg (2010) , and add support to the proposal that hippocampal pre-stimulus subsequent memory effects in 'deep' (semantic) study tasks are associated with encoding processes that support later recollection, but not later familiarity-based recognition. The present findings go beyond these prior results, however, by demonstrating that the direction of hippocampal pre-stimulus subsequent memory effects is sensitive to the nature of the study task. As noted above, we conjecture that whether these effects take the form of relatively greater or relatively lower hippocampal activity for later recollected study items depends upon whether an optimal pre-stimulus task set facilitates the engagement of study processing that is conducive or unconducive for the formation of an episodic memory representation. 
